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probable for Antarctica at that time". It is curious that the 
Oligocene hiatus is not found in the central Pacific. Post- 
Oligocene erosion is found in the Samoan gap, the bottom 
water conduit into the central Pacific 23 . Dissolution of great 
quantities of carbonate in the Indian Ocean and south-west 
Pacific in the Oligocene is possibly related to the contemporan- 
eous high carbonate sedimentation elsewhere in the Pacific 
and Atlantic as the ocean responded to the need to maintain a 
chemical balance. Also, it is possible that at this time Ross Sea 
water was confined to the south-west Pacific by iMelanesia 
and thus had relatively little influence in the regions farther 
north. 

Between the late early Eocene and the middle of the Oligocene 
climatic conditions in Antarctica were probably a little warmer. 
This was sufficient to reduce the supply of Antarctic Bottom 
Water, encourage increased surface productivity, and diminish 
the intensity of current activity to the point where sedimenta- 
tion could resume. The Oligocene hiatus was brought to a 
close by the gradual establishment. of the present pattern of 
circum-Antarctic flow sometime near the end of the Oligocene 24 . 
This again reduced the inhibiting influence of Antarctic Bottom 
Water on sedimentation in the ocean basins farther north, 
since a substantial proportion of the Antarctic Bottom Water 
was diverted into circumpolar flow and proportionately less 
found its way into the basins. 

This attempt to attribute regional patterns of unconformities 
to climatic events in Antarctica is incomplete in several respects. 
First, the present day pattern of Antarctic Bottom Water 
circulation and its effects on deep ocean sedimentation are 
not entirely clear, much less these effects 60 Myr ago. Palaeo- 
bathymetry models would be helpful, as would further hydro- 
graphic stations and piston cores in the Indian Ocean. Second, 
present understanding of what effect Antarctic glaciation had 
on ocean surface water movements is equally vague. These 
currents have probably contributed to forming the hiatuses at 
shallow sites. We recommend experimental and analytical study 
of these currents taking into account continental dispersion 
and palaeowinds". Finally, more precise evaluations of the 
stratigraphy at each site will result in a more refined picture 
of palaeocirculation patterns. 
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The protein coat of filamentous bacterial viruses is constructed 
from segments of a helix that extend in an axial direction, 
and overlap each other like shingles or fish scales to form a 
hollow cylindrical shell. This hollow shell contains the 
viral DNA. 

The protein coat of filamentous bacterial viruses 1 •* is rich in 
a helix. This has enabled us to develop a model for the virus 
structure. We have used low resolution X-ray diffraction data 
to define the general arrangement of a helices, followed by 
molecular model building to define atomic positions. Our model 



has implications for the morphogenesis of these viruses, and 
also for the structure of linear assemblies of proteins in general. 

Filamentous bacterial viruses consist of linear assemblies of 
coat protein subunits encapsulating single-stranded, circular 
DNA. The virions measure about 60 A in diameter by 10,000 to 
20,000 A long, depending on the strain, and contain no more 
than 12% by weight of DNA. The major coat protein in all 
strains comprises about 99 % of the viral protein, has a molecular 
weight of about 5»000 t and is largely a helical. Their relative 
simplicity and the relatively high quality of their X-ray diffrac- 
tion patterns makes these viruses uniquely valuable models for 
the study of the molecular structure of fibrous proteins and 
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Fig. 1 Schematic illustration of some features of the filamentous 
bacterial virus life cycle. Successive stages are drawn counter- 
clockwise around the bacterium, although it is unlikely that all 
stages would be found at once in any given bacterium. The entire 
illustration is consistent with current dat a r but seme features are 
less solidly supported by experiment than oihers. a , 1 he virus ~ 
^attaches to the Gram-negative bacterium by means of d minor coat 
protein, the A protein (the bacterial attachment site is the sex- 
pilus for some strains* but not others 18 - 2 *) b. The viral DNA 
and A protein" enter the bacterium, leaving the major coat 
protein at t he plasma m embrane* 7 , c, The viral DNA is converted 
to a duplex form, tharreplicates to give several hundred progeny 
duplexes. v»™| piMA renljcation may require the presenc e of viraJ 
coat protein in the memDrane- 1 . perhaps to create a new site ror_ 
DNA rep lication", d" lhe progeny duplex spins off a single- - 
stranded tall Mat is" UJated with the protein product of vi ral gene 5. 
e, The DNA is closed to give a circular DNA molecule in a linear 
DNA-gene 5 protein complex 33 . /, The viral DNA passes out 
through the bacterial envelope. "Hie gene 5 protein is displaced 
from the DNA by coat protein that had previously been deposited 
at the plasma membrane". The completed virion is released from 
the bacterium without lysing or otherwise killing the bacterium". 
Inhibition of viral assembly in contrast does kill the host in a 
process involving the gene 5 protein". More complete citations 
of the earlier literature are given in ref. 2. 

nuclcoproteins. In addition, their unusual life cycle (Fig. 1) 
makes them interesting systems for the study of dynamic 
molecular interactions such as the displacement of one protein 
by another from a nucleoprotein complex, and the transport of 
macromolecules across membranes. 

Structures of these viruses 

Concentrated gels of filamentous bacterial virus can be oriented 
in fibres for X-ray diffraction studies*. Two classes of diffraction 
pattern, differing in detail, were found during a survey of various 
strains carried out in this laboratory 4 * 5 . The class I pattern is 
given by the fd, fl, Ml 3, If I, and IKe strains 4 ; the class II 
pattern is given by the Pf 1 and Xf strains 5 . The class II pattern 
is simpler to interpret, and has therefore been analysed in 
more detail 5 . The position of diffracted intensity on the pattern 
indicates 4 that the protein subunits in the virus are arranged on 
a helix of pitch ~ 15 A, with 4.4 subunits in one pitch length of 
the helix (Fig. 2). The relative magnitudes of diffracted intensity 
indicate that the diffracting material at each surface lattice point 
is elongated into a rod that makes an angle of about 20° with 
the helix axis, and also tilts from large to small radius in the 
virus. The orientation determined for the rods of electron density 
is such that rods originating on one turn of the helix inter- 
digitate between rods originating on the next turn. 
Spectroscopic measurements 7 ' 1 show that the a-helix content 
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of the coat protein approaches 100%. We have therefore assumed 
that the rods of electron density found from qualitative analysis 
of the X-ray pattern can be considered as single rods of a- helical 
protein measuring 10 A by 70 A, the dimensions of an a helix 
with molecular weight 5,000, and have used model-building 
techniques for further analysis of the structure. The a helix was 
represented in initial models by a row of points distributed on a 
curve 70 A long. The Fourier transform 6 of this repeat unit in 
the virus helix was calculated for various orientations and 
curvatures of the row, and compared with the class II diffraction 
pattern. The results of many trial calculations confirmed the 
conclusions about orientation of rods of electron density that 
were derived from direct analysis of the diffraction pattern. For 
the next stage in our model building, the row of points was 
replaced by a 70 A polyalanine a helix. We generated the co- 
ordinates of atoms in this a helix by extending Crick's equation 
for the coordinates of a coiled coil 9 to allow for a change in 
radius of the a helix in the major helix frame. Scattering factors 
of atoms were modified as described by Wilkins and coworkers 10 
to take into account the background electron density due to 
water and low density protein sidechains 11 . The contribution of 
the DNA to the calculated diffraction was ignored at this stage. 

Both intrachain and interchain stereochemistry were included 
as further constraints on the model. The intrachain stereo- 
chemistry of the a-helix rod was refined by fitting a stereo- 
chemically perfect polypeptide chain to the rough guide 
coordinates generated for the curved a helix, using the computer 
program developed by Diamond 12 . The Ramachandran angles 
were 110° < <p < 133° and 123° < \\f < 149° over the length 
of the refined a helix, and internal hydrogen bond lengths of 
the refined structure were also within the permissible range for 
a helix 13 . The interchain stereochemistry (the distance between 




Fig, 2 Surface lattice of the class II helix. The lattice shows the 
22 equivalent points in a 77 A section of the virus helix, projected 
on to a cylindrical surface coaxial with the virus, which is then 
opened out flat and viewed from the outside of the helix. The 
dashed line shows the —15 A pitch of the virus helix. There are 
22 units in 5 turns or 4.4 units per turn*. These helix parameters 
define the order of the Bessel functions predicted on each layer 
line of the helix diffraction pattern. In particular, for layer lines 
/ *= 1, 2 and 3, the lowest order Bessel functions are those with 
order \n\ = 9, 4 and 5, respectively. The sign associated with 
|n| « 5 and 9 is opposite to that associated with |n| =4. The 
sense of the helices with (n, /) indices (5, 3) and (9, 1) must be the 
same as that of the —15 A virus helix (they are shown as left- 
handed in this figure), but the absolute sense is not defined by 
the X-ray data. The fact that intensity is stronger on / = 1 and 
3 than on / = 2 indicates that reds of electron density have the 
same sense as the, —15 A helix. These rods of electron density 
roughly follow the (R, 4) helix. The maxima of intensity on both 
/*= land/= 3 are observed at 0.1 A -» along the layer lines, even 
though the predicted Bessel function orders are quite different 
for these two layer lines. This indicates that the rods of electron 
density tilt from large to small radius as well as slewing around 
the virus 5 . 
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Fig. 3 Comparison of the calculated Fourier transform of the 
class II protein model with the observed diffraction amplitudes. 
Continuous diffraction on non-equatorial layer lines was 
measured 1315 on a diffraction pattern of Pfl taken at 98% 
relative humidity by Dr R. L. Wiseman 4 (film No. 2036). The 
cylindrical^ averaged Fourier transform was calculated for a 
repeat unit consisting of a 46-residue stretch of polyalanine 
a helix the axis of which roughly follows a segment of a concho- 
spiral with a - -21° and y = 11.5° between 14 A and 26 A 
radius. This repeat unit was placed in a left-handed helix having 
22 units in 5 turns in an axial repeat c — 77 A. Over most of the 
region of close contact between neighbouring a helices, distances 
between the a-helix axes were 10± I A and crossing angles between 
the axes were 9-1 2 : . Observed amplitudes are solid lines; 
calculated amplitudes are dashed lines. The rectangular box on 
/ = 2 represents integrated intensity for which the shape could 
not be determined. Analysis of the equator is discussed in ref. 15. 

neighbouring a helices and the angle at which the axes of 
neighbouring helices cross each other) was such that sidechains 
on one a helix could fit into the space between sidechains on its 
neighbours in knobs-into-holes packing 9 . Only a helices whose 
axes follow a left-handed helical path can form satisfactory 
knobs-into-holes packing, indicating that the sense of the 
~ 15 A virus helix is also left-handed (Fig. 2). 

The resolution of the X-ray data is not sufficient to define the 
positions of specific sidechains, but reasonable assumptions 
about the orientation of the protein molecule can be made on 
general chemical grounds. The acidic N-terminal end of the 
Pf J protein was placed at the outer radius of the virus, and the 
basic C-terminal end at the inner radius, as first suggested for 
fd 7 . The a helix was then rotated about its own axis so that 
arginine-44 and lysine-45 were directed inwards, towards the 
virus core; the acidic residues were directed outwards at the 
virus surface; and most of the hydrophobic residues were 
involved in contacts with neighbours 14 . 

There are narrow limits on the range of models that are 
consistent with all these stereochemical constraints and yet give 
calculated transforms similar to the observed. The observed and 
calculated transforms for the current best model are compared 
in Fig. 3. The model is illustrated in Figs 4 and 5. 

Fourier analysis of the equatorial intensity (which gives 
information about the electron density projected down the long 



axis of the virion) shov^Tiat the DNA occupies a central core 
surrounded by a shell of protein, with virtually no inter- 
penetration of DNA and protein J \ X-ray diffraction and 
chemical evidence, however, are insufficient for a detailed model 
of the DNA to be built at this time. 



Symmetry and perturbation 

An overlapping or shingled arrangement of axially elongated 
protein subunits as found for filamentous bacterial viruses is a 
stable and durable design for fibrous proteins. Larger bonding 
surfaces are available for interaction of subunits than would be 
available in a comparable structure made of globular subunits. 
In the minimum energy configuration 16 for such an assembly, 
there are likely to be regular contacts along the length of 
neighbouring subunits, resulting in similar bonds at different 
radii. These bonds will be related by symmetry elements that 
operate not just in the surface lattice of the helix, but in three 
dimensions. 

For the conformation derived experimentally for class II coat 
protein subunits, the a-helix axis roughly follows a segment of a 
conchospiral, a space curve with many interesting symmetry 
properties 17,16 . The conchospiral is given by the equations 

r = tfexp((pcotasinv) 
z = cexp(<pcotasinY) 
tany = a/c y 

where (p, z are cylindrical polar coordinates, a is the constant 
angle that the tangent to the curve makes with the z axis, and 
Y is the half-angle of the cone on which the conchospiral lies. 
This curve is the most symmetrical space curve aside from the 
circular helix. The curvature "and torsion of the curve change 
continuously in a regular way as one progresses along the curve, 
giving regular internal symmetry. The segments of conchospiral 
in the filamentous virus helix are located so that each segment 
is roughly centred along its length between its nearest neigh- 
bours. There are two main kinds of intermolecular contacts: 
from any protein molecule to the proteins originating five and 
nine units, respectively, down the ~ 1 5 A virus helix (Fig. 5). 
In the class II structure these contacts are sufficiently similar so 
that each protein in the helix has essentially equivalent environ- 
ments in both directions, although a faint meridional reflection 
on the ~ 15 A layer line indicates a slight perturbation repeating 
periodically about once per turn of the - 15 A virus helix. The 
corresponding meridional reflection on class I patterns, and by 
implication the associated perturbation, is much stronger 4 . 
Contacts between the class I a helices that correspond to the 
0 to -5 class II contacts in Fig. 5 are regular, but contacts 
corresponding to 0 to -9 are irregular, with a perturbation that 
repeats about every five units. This perturbed configuration 
presumably optimises local contacts and is therefore more stable 
than any unperturbed configuration that could be formed by 
the class I subunits. 

Three principles for the design of linear assemblies of proteins 
are suggested by the detailed studies of filamentous viruses. 
(1) Linear assemblies will often be composed of axially elongated 
overlapping subunits. (2) Interdigitation of elongated subunits 
in neighbouring turns of the helical array will be facilitated if 
there are (roughly) an odd number of units in two turns of the 
helix. (3) Contacts between interdigitating neighbours will often 
be improved by a perturbation away from the ideal helical 
positions, repeating once every turn of the helix, and giving rise 
to a set of meridional reflections at orders of a periodicity that 
corresponds to the pitch of the helix rather than to the subunit 
spacing. Overlapping arrangements of elongated subunits have 
been proposed for myosin filaments in muscle 19 -". Sharp 
meridional reflections have been observed on diffraction 
patterns of many fibrous proteins 11 , and in some cases have been 
interpreted in terms f perturbation. Som linear assemblies, 
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Fig. 5 Model of a 154 A slab of the protein coat of the virus. 
The long axis of the virion is vertical. The protein subunils are 
represented by bent rod follouing the path from one a carbon to 
the next. Three neighbouring u helices arc picked out by lengths 
of tubing: they are shown in the same view as Fig. 3 of ref. 14. 
The right-most a helix originates five units down the — 1 5 A helix 
with respect lo the central a helix, and the left-most a helix 
originates nine units do\\ n. Note the gentle curve of the a helices, 
and the interdigitation of neighbouring helices. DNA would 
occupy the central cylindrical cavity in the protein shell. The 
outer diameter of the lucite support rod is 6 A in the model- 



such as microtubules or bacterial flagella that have been 
assumed to be composed of globular subunils 2 -" 24 should 
perhaps be re-examined in the light of these principles. 



Assembly • 

With the molecular structure of the virion in hand, we can 
discuss specific hypotheses about viral assembly. We assume 
the model of assembly illustrated in Fig. 1, and restrict ourselves 
to the steady-stage of assembly, after the forward end of 
the virion has passed across the membrane. The viral coat 
protein is a single rod of u helix with a hydrophobic central 
portion and hydrophilic ends. The protein could be excreted 
directly into the lipid bilayer" during synthesis 26 , with its 
N-terminal end outwards and its long axis normal to the plane 
of the bilayer 2 . The DNA, stripped of the gene 5 protein would, 
form a condensation centre for the coat protein previously stored 
in the bilayer. As the protein assembled on to the DNA, its 
hydrophobic areas would become masked, so that the protein 
would become less soluble in lipid than in water and therefore 



would leave the lipid^Pr the water, taking associated DNA 
with it. The process would be akin to crystal growth where the 
growing point of the crystal is fixed in space so that the crystal 
must move away from the growing point. The sense of the 
process (the virion moves out of rather than into the bacterium) 
would depend on the details of the configurational change in 
the coat protein upon assembly. A similar process in reverse 
could drive the dissolution of protein off the virion into the 
lipid bilayer- 7 and advance the DNA into the bacterium during 
infection. This model — that assembly of hydrophobic proteins 
within a lipid bilayer causes changes in the properties of the 
completed assembly so that it becomes more soluble than the 
monomer in an aqueous phase and thus moves out of the 
bilayer — could apply in general to transport of oligomeric or 
polymeric proteins through membranes. 

This investigation was supported by a grant from the National 
Institutes of Health. 
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